A press ure-te mperature (P-T) section of th e phase equilibrium diagram for Nb,O, has bee n determined. Four sin gle phase regions, H-Nb,O" B-N b20" and two L-Nb20, areas, were characteri zed by x-ray powder diffracti on data. The superstru cture of L-Nb,O, w!\s indexed on the basis of similarities to the known superstructures of L-Ta,O, and confirmed with single crystal electron diffraction data_
Introduction
Niobium pentoxide has been reported to occur in at least eight different polymorphic forms under varying experimental conditions. The polymorphs of Nb205 and their structural relationships to each other have been discussed by A. D. Wadsley and S. Andersson [IV These authors postulated that some of the various modifications should have stability fields in the relevant ranges of the pressure-temperature (P-T) phase diagram. They put forward a "not impossible" phase diagram ( fig. 1 ) based on no experimental evidence. S. Tamura [2] reported a temperaturepressure diagram ( fig. 2 ) for N~05 postulating the boundaries between H-Nb205 and L-Nb20 5 and B-Nb20 5 and L-Nb20 5 based on experiments utilizin g an opposed piston apparatus. H-Nb20 5 is the stable polymorph which occurs at high temperatures and atmospheric pressure, L-Nb20 5 is the metastable polymorph formed during precipitation and B-Nb20 5 is the high pressure form [1] . In the present study only these three previously reported phases were found to occur in the system at the temperatures and pressures studied.
In this study, it was necessary to determine which of the multitude of possible polymorphs represent equilibrium phases and which represent metastable phases. The Nb20 s specimens were equilibrated in an apparatus which is capable of heating materials in a uniform temperature zone up to about 1400 °C and 150,000 psj2 isostatic pressure in an environment free of contaminants.
I Figures in brackets indicate the literat ure references at the end of thi s paper. 2 The use of psi, bar, and khar foUows the cu rrent co mmon practice of workers in the field. Note th at I bar=IO' N/m' (or pascal)= IO' dyn/ c m'= O.9869 atm= 14.504 psi. The acce pt ed international stand ard (51) unit of pressure is th e pascal or newton per meter squared. [1] and modified according to present notation).
Sample Preparation
The Nb20 s used in this investigation was found by spectrographic analysis to contain less than about 0.01 percent Si, 0.001 pe rcent Ca and Mg. The presence of As, Cu, and Ta was questionable. The startin g materials were preparet,as follows: The Nb2 0 s (low temperature form) was oried at 130°C for 19 h. Portions of the dried material were sealed in 5 mm O.D. X 25 mm long Pt tubes and heated to 1450 °C for 60 h to form H-Nb2 0 5, the hi gh temperature polymorph. This material was reannealed in air at 1000°C for 1 h to minimize any slight reduction which may have occurred. The B-polymorph of Nb2 0 5 (after Tamura [2) ).
at 900°C for 19 h at about 70,500 psi. For some ex· periments , LiNb03 or distilled H20 was added to increase crystallinity and to determine if such impuri· ties affect the equilibrium phase assemblage.
Apparatus
An internally heated pressure system similar to that described by Yoder [3] was used in this investi· gation. A block diagram of the apparatus is shown in figure 3 . An air operated, two stage compressor (labeled A) supplies argon gas to the system at pres· sure to 30,000 psi. For higher initial pressures the valve (labeled B) is closed and the moving piston of an in· tensifier (labeled C) is advanced against the head of gas which has filled the vessel. The intensifier piston is advanced by hydraulic pressure supplied by an air driven oil compressor. The differential ratio of the intensifier is 5:1 thus providing a maximum pressure of 150,000 psi. The valve (labeled D) isolates the pres· sure vessel during a run. Pressures of up to 150,000 psi can be obtained in a few minutes provided the system is tight. Since a minimum of 16 h was needed to achieve equilibrium in most of the samples studied, at least in the lower P-T range, particular attention had to be paid to obtaining a relatively leak free system. Experimental results were discarded if a pressure drop greater than 500 psi occurred during a run.
Pressure Measurement
The pressure was determined as a function of the change in resistance of a "seasoned" manganin wire coil when measured with a dc Carey·Foster Bridge [4] . The resistance of the manganin coils was approxi· mately equal to 120 (1 and the coils were calibrated by the supplier against a dead weight gage. Two coils were used for a comparison measurement. One coil acted as a pressure sensor and the other served as a 
Temperature Measurement
The temperature was measured with a Pt-PtlO percent Rh thermocouple. Bell [5] has shown that the effect of pressure on Pt-l0 percent Rh thermocouples at the pressures attained in this work are within the limits of error in the temperature measurement. For this reason no correction for pressure has been applied to the temperature measurements. The temperatures reported can be considered accurate to at least ± 20°C. Yoder [3] reported the results of probing the thermal gradient of his system with a thermocouple. A zone of even heating ± 5 °C was found to exist over a distance of about 5 cm. As our system is nearly identical, this time consuming process was not repeated.
Phase Equilibria
A P-T phase equilibrium diagram for Nb205 ( fig. 4 ) has been constructed from the x-ray data given in table 1. These data were obtained from specimens quenched (thermocouple indicates cooling to ambient temperature in less than a minute) by turning off the electrical power to the furnace and then reducing the pressure. Equilibrium was considered to have been approached when the x-ray powder diffraction patterns of specimens successively heated f0f longer times and/or at higher temperatures and/or pressures (quenched to ambient temperature and pressure) showed no significant change. X-ray diffraction powder patterns were made using a high angle record- 
4 00 500 600 7 00 800 900 10 0 0 11 00 1200 1300 1400 The phase diagram can be described as consisting of four single phase regions in the temperaturepressure range investigated. They are designated H-Nb205, L-Nb205, B-Nb20 5 and L' -Nb205. In a previous study the N-form of Nb205 was synthesized at atmospheric pressure with the addition of LiNb03 [6] . However, in the present study this phase was found to transform to B-Nb205 at 800 °C and 64,000 psi and may be considered to become unstable with increasing pressure. No other polymorphs of Nb205 have been found to occur in this study.
H-Nb205 (High Temperature Form)
The crystal structure of the high temperature form of Nb20s (H-Nb20 5) was reported by Gatehouse and Wadsley [7] . The structure consists of infinite chains of 3 X 5 blocks of octahedra at one level and isolated blocks of 3 X 4 octahedra at the next level with tetrahedral positions at the block junctions. This phase, with a reported x-ray density of 4.55 [8J , was found to occur at the highest temperature and lowest pressure ( fig. 4) . All experiments conducted in the P-T range lower than that given in table 1 and figure 4 sh owed no change in the starting material. Therefore , the low temperature boundary of the H-Nb205 field could not be determined because equilibrium could not be achieved in this portion of the system in laboratory time. The low temperature form of Nb zO fi (L-N b 20 5) was first reported by Brauer [I1J. This is the apparently metastable form obtained when the material is precipitated from solution and crystallized at low tern peratures. When heated this phase will gradually change to poorly formed H -Nb z0 5 • whi ch beco mes more crystalline with in creasi ng time and temperature. Once H-Nb 2 0 s is formed it does not revert to L-Nb z0 5 at atmospheric pressure at any temperature.
Th e only oxide known to stabilize L-Nb zO ;; at a temperature in excess of 1000 °C at am bi ent pressure is Sb 20 4 [12J. However , both F -a nd (OH)-probably also can be in corporated into thi s stru cture type [13. 14J which may also result in stabilization. Apparently L-Nbz0 5 has a stability field at higher pressures and temperatures , as postulated by Wadsley and reported that "in niobium pentoxide the spacing between the superlattice spots in the linear group is somewhat larger than in tantalum pentoxide correspondin g to a smaller lon~ spacing in direct space (which varies from 20 to 30 A)". The authors stated that although the speci men temperature is difficult to estimate on beam heating they felt that sufficient specimen heating had occurred so that they were observing diffraction data taken from -_. _ -----a specimen of H-Nb20s. Subsequently, pre characterized specimens of H-Nb20 s were exa min ed by Allpress, Sanders and Wadsley [20 J by electron diffraction and found to be much different from the films described by Spyridelis et al. [19] . They concluded that , "in our opinion these films are much more likely to consist of low-temperature T-Nbz0 5 (L-Nb20 5) or an oxyge ndeficient phase, or a mixture of phases closely related to it."
With increased temperature and pressure L-Nbz05 was found in the prese nt work to become more crystalline and a number of superstructure lines become clearly evident in the x-ray diffraction pattern. This pattern is very similar to that of the phase ISTaz0 5 . 2W03 , the smallest unit cell found for the L-TazOs (L-Nbz05) type ph ases [21 , 22, 23] . The crys tal structure of ISTaz 0 5 . 2W03 has been reported by Stephenso n and Roth [24] and the x-ray diffraction powder pattern was indexed on the basis of an orthorhombic unit cell with a= 6.175, b= 29 .29 , and c=3. 874 A with the aid of intensities obtained from sin gle crys tal diffractometer data. For this composition , the b-axi s is eight times th e subcell (b=3.661 x 8 = 29_29 A).
In the present work all of the lin es of the powder pattern of L-Nb-z0 5 can be indexed on th e basis of an orthorhombic cell with a=6 .168±.00l, b=29.312 ± .001 and c=3.936± .001 A, with a and c similar to the values previously reported for the subcell. As is the case with ISTaz05' 2W03 , th e b axis exhibits a multiplicity of 8 times th e s ubcell and the true b axis is b=3.664X8=29.312±.001 A. The indexed x-ray diffraction powder pattern for L-Nbz05 is given in table 3. 3 Selected area electron diffraction patterns of L-Nbz05 were made by 1. G. Allpress , CSIRO , Melbourne, Australia, fro m a specime n heated to 1000°C at 70,000 psi for 19 h. These patterns confi rm that the correct unit cell is dim ensionally orthorhombic with the parameters derived from the powder data. A typical example of diffraction from the hkO plane is show n in fi gure S. It can be seen in this diffraction pattern th at there is a multipli city of 8 along the b axis. For a phase with m = 8 th e ideal composition is Ml6 0 4z [21, 23 , 24] . Th e compound ISTaz05' 2W03 has the formula Tal5 W040.5 for eight s ubcells whereas the low temperature form of NbzOs would correspond to Nbl6 0 40 with two oxygen ions missing and would have a slightly different ordering scheme. Since the crystal structure of ISTaz0 5 . 2W03 has been reported from sin gle crystal data [24] it is possible to calcul ate the intensities of the x-ray diffraction powder pattern of this material. The Fortran program used for the co mputation was developed by Smith [2S] and modified by Evans [26] . The calculated integrated intensities of the powder pattern agree quite well with those published for the observed powder data [22] . The integrated intensities for the L-Nbz0 5 powder pattern were calculated utilizing the same coordinates. The following assumptions were made for the calculation: space group Pm was chosen, and the z coordinates were fixed either at 0 or 1/2. Oxygen number 21 (notation of [24] ) was found to be absent 3 out of 4 times in two unit cells of 15Ta205 ·2W03 and assumed to be completely absent in Nb20 5. The calculated peak intensities of L-Nb20 5 [25] (given in table 3) were found to be in good agreement with those observed in the x-ray powder diffraction pattern and to agree within experimental error with those calculated for 15Ta205 . 2W03 • The L-N~05 specimen from which these computations were made was heated at 700°C for 168 h at 108,500 psi. Since crystals in this specimen were too small for single crystal x-ray dif'raction studies, an attempt was made to grow single crystals of low Nb20 S under pressure by the addition of H20. The resulting material was still very fine grained and unsuitable for single crystal x-ray diffraction studies. The x-ray powder pattern was indexed on the basis of a similar orthorhombic cell with the b axis multiplicity <;If 8 ~d slightly ~fferent unit cell d~mensions, a = 6.199
A, b -3.640 X 8-29.124 A, and c-3.938 A.
Discussion
In figure 4 L-Nb20 S and L' -Nb20 S are shown to occur in two different portions of the system, separated by the field of B·Nb20 S • The x-ray diffraction patterns of specimens prepared in these two fields are identical except for degree of crystallinity. There are at least two possible interpretations of the data.
The first possibility is that an unknown high temperature phase may be postulated to cool metastably through the B-field and then transform to a stable phase of the L-Nb20 5 type. The low temperature form of Nb20 5 may possibly go through an infinite series of structurally subtle transitions of the sort reported for L-Taz05 [21, 24] change in vacancy ordering and therefore in density.
-' The structure of this original high temperature phase is, or course unknown, hut may be postulated as being similar to H-Ta2 05 (previously found for Nb20 5 only from melted specimens containing some Zr02 [27] ). t
The second possibility is that a high temperaturehigh pressure polymorph may be assumed to be a phase of the L-Nb2 0 5 type which, on cooling through ' the B-field metastably, goes through a series of transitions to the m = 8 phase at atmospheric temperature and pressure. In the first case L-Nb2 0 5 is the stable phase only in the low temperature-high pressure region.
In the second case L-Nb20 5 is stable only in the high temperature-high pressure region and the B-polymorph is stable to ambient temperature at high pressures.
7'
Either case is equally possible even if the m = 8 phase is maintained at all temperatures and pressures. The correct situation could only be solved by a high resolution high pressure-high temperature (above 900°C) x-ray study. Unfortunately such an apparatus was not available. 
